Introduction
Laser bending ͑or laser forming͒ is a non-contact technique capable of achieving very high precision. The schematic of a laser bending process is illustrated in Fig. 1 . A target is irradiated by a focused laser beam passing across the target surface. Heating and cooling cause plastic deformation in the laser-heated area, thus change the curvature of the target permanently. The mechanism of laser bending has been explained by the thermo-elasto-plastic theory, ͓1-3͔. Three laser bending mechanisms, i.e., the temperature gradient mechanism, the buckling mechanism, and the upsetting mechanism have been discussed in the literature, ͓4,5͔. For the temperature gradient mechanism, a sharp temperature gradient is generated by laser irradiation and the residual compressive strain causes permanent bending deformation toward the direction of the incoming laser beam. Most of the pulsed laser bending processes are attributed to the temperature gradient mechanism since the short pulse heating duration induces a very sharp temperature gradient near the target surface.
Using a pulsed laser for bending is of particular interest in the micro-electronics industry, where high precision bending, curvature adjustment, and alignment are often required. Chen et al. ͓6͔ achieved bending precision on the order of sub-microradian on stainless steel and ceramics targets, which is higher than any other bending techniques. The relations between the bending angle and laser processing parameters were studied with the use of a twodimensional finite element method, ͓7͔. In that study, the laser energy was controlled so that no melting and solidification happened during the bending process. However, in some laser bending processes where larger bending angles are needed, the laser energy used could be high enough to cause melting, ͓8͔.
The finite element method is a general and powerful tool for investigating the complex thermal and thermomechanical problems involved in laser bending, ͓9-12͔. When an unconstrained material melts, its stress and strain will be completely released, and then begin to retrieve when solidification starts. In this respect, the main challenge of simulations is the handling of the stress and strain release and retrieval during melting and solidification. The stress release is usually approximated by specifying the temperature dependent material properties, for example, decreasing Young modulus and yield strength significantly near the melting point, ͓9-12͔. On the other hand, the strain release is hardly being considered due to the difficulty involved in the numerical simulation.
In this paper, a finite element model for simulating pulsed laser bending involving melting and solidification is developed using the uncoupled thermal and thermomechanical theory. It is assumed that the pulsed laser beam is uniform across the width of the specimen ͑the x-direction in Fig. 1͒ . Thus, a two-dimensional thermal-stress model can be applied, which greatly reduces the computational time. In order to release and retrieve the stress and strain during melting and solidification, the element removal and reactivation method is applied to each melted element. In addition, in order to compute the stress of the solidified element correctly, a second reference temperature for the thermal stress calculation is used. The bending angle, residual stress, and residual strain are obtained and compared with the results of pulsed laser bending without melting.
Simulation Procedure
In order to calculate laser bending, a thermal analysis and a stress and strain analysis are needed, which are considered as uncoupled since the heat dissipation due to plastic deformation is negligible compared with the heat provided by laser irradiation. In an uncoupled thermomechanical model, a transient temperature field is obtained first in the thermal analysis, and is then used as a thermal loading in the subsequent stress and strain analysis to obtain the transient stress, strain, and displacement distributions. The finite element code, ABAQUS ͑HKS, Inc., Pawtucket, RI͒ is used. As shown in Fig. 2 , a dense mesh is generated around the laser path and then stretched away in the length and thickness directions ͑the y and z-directions͒. The domain size and laser parameters used in the simulations are given in Table 1 . The same mesh is used for both the thermal and stress analyses. A total of 1200 elements are used in the mesh. Mesh tests are conducted by increasing the number of elements until the calculation result is independent of the mesh density.
Thermal Analysis.
The thermal analysis is based on solving the two-dimensional heat conduction equation:
where k is the thermal conductivity, is the density of the stainless steel, c is the derivative of the enthalpy with respect to temperature, and Q ab is the volumetric heat source term resulted from irradiation of a laser pulse. The temperature-dependent properties of stainless steel 301, ͓13͔, are used in the calculation. The parameter c is equal to the specific heat c p in solid and liquid regions. When an impure metal, like stainless steel, is heated from a solid state, it begins to melt at the solidus temperature T s and melts completely at the liquidus temperature T l . In the mushy zone, i.e., the region where the temperature is between T s and T l , c is defined by
where L is the latent heat. Values of T s , T l , and L of stainless steel 301 are listed in Table 2 , ͓13͔. By using c , the effective specific heat, the phase change problem can be solved within a single domain. Solid and liquid material are treated as one continuous region and the phase boundary does not need to be calculated explicitly, ͓10͔.
The laser intensity is uniform in the x-direction and has a Gaussian distribution in the y-direction, expressed as where I 0 (t) is the time-dependent laser intensity at the center of the laser beam and w is the laser beam width at the target surface. The temporal profile of the laser intensity is treated as increasing linearly from zero to the maximum at 60 ns, then decreasing linearly to zero at the end of the pulse at 120 ns. Therefore, the volumetric heat source Q ab in Eq. ͑1͒ can be expressed as
where R f is the optical reflectivity measured to be 0.66 for the stainless steel specimens. ␣ is the absorption coefficient given by ␣ϭ4/. The imaginary part of the refractive index of stainless steel 301 at the laser wavelength 1.064 m is unknown, and ϭ4.5 of iron is used. The initial condition is that the whole specimen is at the room temperature ͑300 K͒. Since the left and right boundaries as well as the bottom surface are far away from the laser irradiated area, the boundary conditions at these boundaries are prescribed as the room temperature. Convection and radiation with the surrounding are neglected.
Analyses are carried out with the laser pulse energy of 260 J, 270 J, 280 J, and 300 J, respectively. The peak temperature obtained by a 270 J pulse is 1703 K, higher than the liquidus temperature T l ͑1693 K͒. For comparison, thermal analyses of three cases without melting are also performed; the laser pulse energies are 200 J, 230 J, and 250 J, respectively. The peak temperature obtained by a 250 J pulse is 1649 K, lower than the solidus temperature T s ͑1673 K͒.
Stress and Strain Analyses.
In the stress and strain analysis, the material is assumed to be linearly elastic-perfectly plastic. The Von Mises yield criterion is used to model the onset of plasticity. The left edge is completely constrained, and all other boundaries are force-free. Eight-node biquadratic plane-strain elements are employed.
As in the thermal analysis, the temperature dependent material properties are used, ͓13͔. Poisson's ratio of stainless steel AISI 304, ͓14͔, is used. Considering the incompressibility in the liquid phase, the Poisson ratio of 0.4999 is used when the temperature is higher than T s . The strain rate enhancement effect is neglected since temperature dependent data are unavailable. Sensitivity of unknown material properties on the computational results has been discussed by Chen et al. ͓7͔.
The Method of Element Removal and Reactivation
In order to model the phenomena of melting and solidification, the element removal and reactivation method, ͓15͔, is applied. An element will be excluded from the stress and strain analysis when its temperature is higher than T s , i.e., the element is removed from the domain after being melted and its stress and strain are released to zero. During cooling, the removed elements are reactivated in the calculation when their temperatures are lower than T s and the stress and strain start to retrieve.
For the elements starting to solidify, the initial temperature for the thermal stress calculation T i is replaced with a new initial temperature equal to the temperature at the moment when it is reactivated, i.e., T s . This procedure is carried out for each element experiencing melting and solidification with the aid of the temperature history data obtained from the thermal analysis.
The reason for using a new initial temperature for a reactivated element is explained as follows. As mentioned before, the thermal stain of an unconstrained element is totally released after it melts. During solidification, the thermal strain will change gradually only if T s is used as the initial temperature. Otherwise, if the room temperature T i is still used as the initial temperature, the thermal strain will experience a sharp jump from zero to a high value, which is physically incorrect. Therefore, two initial temperatures should be used for each element involving melting and solidification.
The element removal and reactivation would not affect the thermal analysis since the thermal and the stress analysis are not coupled, and the thermal analysis is performed before the stress analysis. The forces in the element reaching the melting point are reduced to zero gradually before the element is removed, which is determined by the temperature-dependent stress-strain relations. Therefore, there is no sudden change of stress in elements involved in phase change. On the other hand, when the element is reactivated with zero stress, it exerts no nodal forces on the sur- Transactions of the ASME rounding elements. Thus the element removal and reactivation do not have any adverse effect on the thermal and stress calculation. Based on the above description, the stress and strain for the elements involved in phase change are computed by the method of element removal and reactivation and the use of a new initial temperature at T s to calculate the stress/strain of the solidified elements. During the calculation, element removal and reactivation are tracked for each element since each melted element begins to melt and solidify at different times. Hence, the computation is intensive even for the two-dimensional problem considered in this work.
Results and Discussion
Calculations are first conducted to verify the finite element analysis of melting and solidification. Results of finite element analysis are compared with exact solutions of solidification and melting problems given by Carslaw and Jaeger ͓16͔. For the solidification case, the target is initially at the liquid state with a uniform temperature. At tϭ0, the temperature at the surface (x ϭ0) is changed and held at a temperature lower than the melting point. Freezing thus starts and proceeds into the material. The position of the solid-liquid interface ␦ can be calculated with known material properties, and its expression is given in the insert of Fig. 3͑a͒ . Figure 3͑a͒ shows the comparison of the results. It can be seen that the result of the finite element analysis matches exactly with the analytical solution. Similarly, results of the melting case are also compared. In this case, the target is initially at the solid state at the melting point. At tϭ0, the surface temperature is increased to and kept at a constant temperature higher than the melting point. Again, exact match between the finite element result and the analytical solution is obtained, as shown in Fig.  3͑b͒ .
The above calculations are the only ones relevant to the problem studied here which have analytical solutions. There are no analytical solutions for thermomechanical problems with solid/ liquid phase change since these problems are highly nonlinear. The rest of this work is focused computing the laser bending problem involving melting and solidification. We first present detailed temperature and residual stress distributions induced by a laser pulse at a fixed energy ͑270 J͒. Then, the laser pulse energy is varied, and bending with and without melting is compared in terms of the thermal strain, plastic strain, total strain, and stress. The dependence of the bending angle on the laser energy is also presented.
Results of Laser Bending With a Pulse Energy of 270
J. The transient temperature distribution in the target in first calculated. Figure 4 shows temperature distributions along the x and z-directions at different times. It can be seen that the maximum temperature, T max , is obtained at the pulse center and reaches its peak value of 1703 K at 82.9 ns, and then drops slowly to 446 K at 3.6 s. It can be estimated that the heat affected zone ͑HAZ͒ is around 40 m wide ͑the laser beam is 30 m wide͒. Figure 4͑b͒ is the temperature distribution along the z-direction, beginning from the upper surface of the target. It can be seen that the temperature gradient during heating period is higher than 500 K/m.
Distributions of the transverse residual stress yy along the y and z-directions are shown in Fig. 5 . It can be seen from Fig. 5͑a͒ that yy is tensile, and has a value larger than 1.0 GPa. The stressaffected zone in the y-direction is about 30 m. In the z-direction, yy is more than 1.0 GPa within 1.0 m from the surface. It becomes compressive at a depth of 1.5 m from the surface. The maximum value of the compressive stress is about 250 MPa at z ϭ2.5 m, and it gradually reduces to zero in the deeper region. Figure 6 shows the deformation distribution along the y-direction. It can be seen that the permanent bending deformation is in the direction toward the incoming laser beam and the deflection is 42 nm at the free edge (yϭ300 m). There is a ''⌳'' shape surface deformation around yϭ0 m, the center of the laser beam. This is produced by thermal expansion along the negative z-direction because the surface is not constrained.
Detailed information about the thermal strain, the total strain, and the stress for the elements involved in melting and solidification and computed using the element removal and retrieval method is presented next, together with the case without melting for comparing their values.
Comparison Between Laser Bending
With and Without Melting. Strain and stress histories during laser bending with melting ͑270 J͒ are compared with those without melting ͑250 J͒. With the pulse laser energy of 270 J, the target begins to melt at about 70 ns and is completely solidified after 200 ns. Results of the center element on the top surface are compared. Figure 7 shows histories of the thermal strain. For laser bending without melting, the thermal strain first increases as the temperature rises due to laser irradiation, and reaches a maximum value of 0.0228 at 82.03 ns. It then reduces to zero as the target cools to the room temperature. However, for bending involving melting, there are three periods in the thermal strain development: heating, melting and solidification, and cooling. The thermal strain reaches the peak value of 0.0232 at 69.52 ns. At this time, the corresponding average temperature of the element is 1673 K, which equals the solidus temperature. The element is excluded from the stress and strain analyses when it melts, which lasts for more than 28 ns. When it starts to solidify at 97.52 ns, the initial temperature of the element is replaced by the solidus temperature T s , and then the thermal strain starts from zero to retrieve a negative value, which decreases continuously and reaches a residual value of Ϫ0.0229. The final thermal strain is very different from that of the nonmelting case because of the use of a second initial temperature.
Transverse plastic strains with and without melting are shown in Fig. 8 . The compressive plastic strains are created during the Transactions of the ASME heating period since the thermal expansion of the heated area is constrained by the surrounding cooler materials. In the subsequent cooling period, the plastic strain decreases gradually, and is partially canceled with a residual value of Ϫ0.0047 for the case without melting. For bending involving melting, the compressive plastic strain is created during heating and it is released to zero during melting. This represents a significant difference between the two cases. Physically, the melted material can not support any strain due to the free surface while the material not melted can support a relatively large strain because of the surrounding cooler material, which is exactly what modeled here and shown in the results. After the melted element begins solidified, a tensile plastic strain develops, and a residual plastic strain of 0.0185 is obtained. The history of the total transverse strain yy up to 2000 ns is shown in Fig. 9 . Despite the differences in the thermal and plastic strains, it can be seen that the total strains in both cases have a similar trend. The total strain increases and then decreases, and at about 100 ns it increases rapidly and reaches the maximum value at around 400 ns as the target bends away from the laser beam. After that, it decreases slowly and the residual value is about Ϫ0.0015 for bending without melting and Ϫ0.0017 for bending with melting ͑not shown in the figure͒. In both cases, the final bending angle is positive, meaning in the direction toward the laser beam.
Unlike strain, the overall trend of the stress development is not much affected by melting and solidification. As shown in Fig. 10 , the development of the transverse stress follows a similar trend and a tensile residual stress of about 0.97 GPa is obtained in both cases. This is because the yield stress and the Young's modulus are reduced significantly at high temperature. Fort the case without melting, the stress is released to almost zero near the melting point, while the stress is reduced to zero for the case with melting. Figure 11 shows the relation between the bending angle and the pulse energy. Bending angle increases almost linearly with the pulse energy. The dash line is the fitted line for laser bending without melting and is extracted to compare with the data with melting. There is no discontinuity or large change in the relation between the bending angle and the laser energy when the laser energy is increased across the melting threshold. This is in consistent with the results of total strain calculations since bending is directly related to the total residual strain. As discussed previously, no large change of the total strain is found when the laserenergy is increased across the melting threshold.
Conclusion
A two-dimensional finite element model for calculating pulsed laser bending with melting and solidification is developed. The element removal and reactivation method is applied to each melted element to account for the stress and strain release in the melted material. A second initial temperature is necessary for the reactivated elements in order to compute the stress and strain development correctly. The bending angle and the residual stress and strain distribution of stainless steel irradiate by a laser pulse are obtained using this model. Results are also compared with those of laser bending without melting. No sudden change of the total residual strain, stress, and the bending angle is found when the laser energy is increased across the melting threshold.
